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Four 16S rRNA-targeted oligonucleotide probes were designed for the detection of thermophilic members of
the domain Bacteria known to thrive in marine hydrothermal systems. We developed and characterized probes
encompassing most of the thermophilic members of the genus Bacillus, most species of the genus Thermus, the
genera Thermotoga and Thermosipho, and the Aquificales order. The temperature of dissociation of each probe
was determined. Probe specificities to the target groups were demonstrated by whole-cell and dot blot hybrid-
ization against a collection of target and nontarget rRNAs. Whole-cell hybridizations with the specific probes
were performed on cells extracted from hydrothermal vent chimneys. One of the samples contained cells that
hybridized to the probe specific to genera Thermotoga and Thermosipho. No positive signals could be detected
in the samples tested with the probes whose specificities encompassed either the genus Thermus or the
thermophilic members of the genus Bacillus. However, when simultaneous hybridizations with the probe
specific to the order Aquificales and a probe specific to the domain Bacteria (R. I. Amann, B. Binder, R. J. Olson,
S. W. Chisholm, R. Devereux, and D. A. Stahl, Appl. Environ. Microbiol. 56:1919–1925, 1990) were performed
on cells extracted from the top and exterior subsamples of chimneys, positive signals were obtained from
morphologically diverse bacteria representing about 40% of the bacterial population. Since specificity studies
also revealed that the bacterial probe did not hybridize with the members of the order Aquificales, the detected
cells may therefore correspond to a new type of bacteria. One of the observed morphotypes was similar to that
of a strictly anaerobic autotrophic sulfur-reducing strain that we isolated from the chimney samples. This work
demonstrates that application of whole-cell hybridization with probes specific for different phylogenetic levels
is a useful tool for detailed studies of hydrothermal vent microbial ecology.

Despite the extreme range of conditions displayed by sub-
marine vent systems, there is evidence for the occurrence of
metabolically and genetically diverse groups of thermophilic
microorganisms interacting with hydrothermal fluids (24, 28).
However, it is today generally accepted that the vast majority
of microorganisms detectable by indirect methods in marine
and other natural samples, including those collected from
much less extreme environments, cannot be assessed by tradi-
tional methods that rely on laboratory cultivation (5, 51). In
addition, substantial technical difficulties met in recovering
black smoker samples, developing appropriate media, and rec-
reating the extreme conditions of this environment in the lab-
oratory have prevented microbiologists from gaining access to
the real extent and nature of the existing microbial diversity.

These technical hurdles have been partly overcome by the
development of culture-independent molecular methods that
often lie in the universal distribution and sequence conserva-
tion of the rRNA molecules (52). In particular, the 16S rRNA
molecule is perhaps the most widely used nucleic acid target
for detection and identification of previously undetected or-
ganisms (5, 41, 52). Recently, 16S rRNA-targeted fluorescence
in situ hybridization techniques have been successfully applied
to the direct identification of microbial cells from the highest

to the lowest phylogenetic levels and their accurate enumera-
tion in genetically diverse natural assemblages (3–5, 17, 18, 44).

Recently, the whole-cell hybridization procedure was used in
combination with culture-based enrichments to determine the
abundance and distribution of thermophilic microorganisms in
deep-sea hydrothermal chimneys (18). The use of domain- and
kingdom-specific oligonucleotide probes (3, 11, 47) clearly
demonstrated that the morphological diversity observed in the
domains Bacteria and Archaea as well as in the archaeal king-
doms Euryarchaeota and Crenarchaeota was larger than that
assessed by culture-based enrichments.

In this study, we report on the development and character-
ization of group-specific 16S rRNA-targeted oligonucleotide
probes for four groups of thermophilic bacteria already iso-
lated from marine coastal and/or deep-sea hydrothermal envi-
ronments (20–23, 25, 34–37) and our attempts to identify and
quantify cells extracted from some of the previously analyzed
deep-sea vent chimney samples (18).

MATERIALS AND METHODS

Organisms and culture conditions. All the organisms used as reference strains
in this study are listed below (see Table 1). The organisms were cultivated as
described in the references cited in the table. The sheathed rod 429 (Thermoto-
gales-like) was isolated from samples from a deep-sea hydrothermal system in the
North Fiji Basin (37). The aerobic sporeformers SG1 and SG9 were isolated
from deep-sea hydrothermal vents at the Lau Basin (35). From deep-sea hydro-
thermal samples collected from the Guaymas Basin were isolated the aerobic
non-spore-forming rods 321 and B1 (34a) and the motile sulfate-reducing rod
SL6 (25a). The sheathed rod ME4 (Thermotogales-like), the small motile rod
BSA, and the aerobic sporeformers VT, VM22, VM27, VM34, and VM77 were
isolated from deep-sea hydrothermal vents at the Mid-Atlantic Ridge (32a, 34a,
35).
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Design and validation of oligonucleotide probes. (i) Design. Alignments of 16S
rRNA sequences from the Ribosomal Database Project (RDP) (33) and from
the GenBank database (recently published sequences) were screened for group-
specific signature sequences distinguishing the genus Thermus, thermophilic
members of the genus Bacillus, the order Thermotogales, and the Hydrog-
enobacter-Aquifex group. The selected oligonucleotide sequences were tested for
specificity against the ribosomal sequences available in the RDP by use of the
CHECK_PROBE analysis function of the RDP. Fluorescein- and rhodamine-
labeled and unlabeled oligonucleotides were synthesized and purified by Euro-
gentec (Seraing, Belgium).

(ii) Probe optimization and specificity studies. The oligonucleotides were
labeled at their 59 ends with T4 polynucleotide kinase (phosphatase-free; Boehr-
inger Mannheim Biochemicals, Meylan, France) and [g-32P]ATP (Amersham,
Les Ulis, France).

Pure cultures (10 to 25 ml) of the reference strains were centrifuged (5,000 3
g for 10 min at 4°C), and the pellets were stored at 220°C until they were used
for nucleic acid extraction. Nucleic acids were extracted from frozen cell pellets
for slot blot hybridization as described before (17) with the following modifica-
tions. Gram-positive cells were lysed in STE buffer (46) by a 15-min incubation
at room temperature with 20 mg of lysozyme per ml. Sodium dodecyl sulfate
(SDS; final concentration, 0.1%) and proteinase K (20 mg/ml) were added, and
the mixture was incubated for 15 min at 45°C. All other bacterial and archaeal
cells were lysed by vortexing in 10 mM Tris-HCl (pH 8)–1 mM EDTA–0.1% SDS
for 10 min. Total nucleic acids were recovered from the lysates by phenol-
chloroform extraction and then by ethanol precipitation.

Reference nucleic acids (approximately 30 ng of rRNA in 20 ml of deminer-
alized water) were mixed with 30 ml of denaturing buffer (4% glutaraldehyde in
demineralized water with a little drop of 1% bromophenol blue) and incubated
for 5 min at room temperature (43). Reference nucleic acids (representing both
target and nontarget strains) were applied in replicate to nylon membranes
(Zeta-Probe GT; Bio-Rad, Hercules, Calif.) by use of a slot blot format unit

FIG. 1. Slot blot analysis of the probe specificities. Hybridization responses
of radioactively labeled probes to nucleic acids from 48 target and nontarget
strains were scanned and printed with Adobe (Seattle, Wash.) Photoshop 3.0.
The layout of nucleic acid samples on the blots (names of individual organisms)
is shown in Table 1. The blots were hybridized with the following probes:
S-G-Thus-0438-a-A-18 (a), S-*-Tbcil-0832-a-A-18 (b), S-*-Ttoga-0660-a-A-18
(c), S-O-Hydr-0540-a-A-19 (d), S-D-Bact-0338-a-A-18 (e), and S-D-Arch-0915-
a-A-20 (f).

TABLE 1. Organisms used in the specificity studies

Species of isolatea Position
on blotb Reference

Thermus sp. (DSM579, Thermus thermophilus) A1 40
Thermus thermophilus (DSM9247) A2 34
Thermus sp. (DSM674, Thermus flavus) A3 45
Thermus aquaticus (DSM625T) A4 9
Thermus scotoductus (ATCC 27978) A5 30
Rhodothermus marinus (DSM4252T) A6 1
Strain B1 (Guaymas Basin) A7 34a
Strain 321 (Guaymas Basin) A8 34a
Bacillus sp. (DSM411, Bacillus caldovelox) B1 19
Bacillus sp. (DSM406, Bacillus caldotenax) B2 19
Bacillus sp. (DMS405, Bacillus caldolyticus) B3 19
Bacillus thermoleovorans (DSM5366T) B4 54
Bacillus stearothermophilus (DSM22T) B5 13
Bacillus thermocatenulatus (DMS730T) B6 16
Bacillus sp. (DSM466, Bacillus thermodenitrificans) B7 6
Bacillus thermoglucosidasius DSM2542T) B8 50
Strain VM77 (Mid-Atlantic Ridge) C1 35
Strain VM22 (Mid-Atlantic Ridge) C2 35
Strain VM34 (Mid-Atlantic Ridge) C3 35
Strain VM27 (Mid-Atlantic Ridge) C4 35
Strain VT (Mid-Atlantic Ridge) C5 34a
Strain SG9 (Lau Basin) C6 35
Strain SG1 (Lau Basin) C7 35
Strain BSA (Mid-Atlantic Ridge) C8 32a
Thermotoga subterranea (DSM9912T) D1 26
Thermotoga maritima (DSM3109T) D2 20
Thermotoga neapolitana (DMS4359T) D3 25
Fervidobacterium islandicum (DSM 5733T) D4 23
Fervidobacterium nodosum (DSM 5306T) D5 42
Thermosipho africanus (DSM 5309T) D6 22
Strain 429 (North Fiji Basin) D7 37
Strain ME4 (Mid-Atlantic Ridge) D8 34a
Methanococcus jannaschii (DSM2661T) E1 27
Thermococcus celer (DSM2476T) E2 55
Pyrococcus furiosus (DMS3638T) E3 15
Archaeoglobus furiosus (DSM4304T) E4 48
Sulfolobus acidocaldarius (DSM639T) E5 8
Methanothermus fervidus (DMS2088T) E6 49
Saccharomyces cerevisiae (DSM3797) E7 32
Escherichia coli (DSM3950) E8 53
Aquifex pyrophilus (DSM6858T) F1 21
Calderobacterium hydrogenophilum (DSM2913T) F2 31
Hydrogenobacter thermophilus (DSM6534T) F3 29
Strain SL6 (Guaymas Basin) F4 25a
Methanococcus igneus (DSM5666T) F5 10
Desulfurococcus mucosus (DSM2162T) F6 56
Pyrococcus abyssi (CNCM I-1302T) F7 14
Thermococcus litoralis (DSM5473T) F8 38

a Collection numbers of species or origins of isolates are shown in parentheses.
Abbreviations: DSM, Deutsche Sammlung von Mikroorganismen und Zellkul-
turen (Braunschweig, Germany); ATCC; American Type Culture Collection
(Rockville, Md.); CNCM, Collection Nationale de Culture de Microorganismes
(Institut Pasteur, Paris, France).

b For example, A1 represents lane A, blot 1.
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(Bio-Rad). The membranes were pretreated with hybridization buffer (0.5 M
phosphate buffer, 7% SDS, 1% bovine serum albumin [BSA], 1 mM of EDTA
[pH 7.2]) for 30 min in screw-cap hybridization tubes prior to hybridization with
100 ng of labeled probe. The membranes were hybridized overnight at 40°C
(12) and washed with 1% SDS–13 SSC (13 SSC is 0.15 M NaCl plus 0.015
sodium citrate [pH 7]) buffer initially at 40°C.

For the determination of the dissociation temperature (Td) values of the
oligonucleotides, eight replicate filters with reference nucleic acids for each
probe were then washed in the same buffer at 3°C temperature increments (43

to 66°C), 30 min at each increment (12). Probe remaining in association with the
membrane at each wash temperature was quantified by scintillation counting.
The Td (temperature at which one-half of the hybridized probe remained on the
filter under the conditions described above) was used as the wash temperature in
subsequent hybridization experiments.

The specificity of the oligonucleotide probes for intended target groups was
examined by use of membranes blotted with nucleic acids from the strains listed
in Table 1 and visualized by exposure of the membranes to Hyperfilm MP
(Amersham) for 24 h.

TABLE 2. SSU rRNA sequences of target and nontarget species, probe sequences, and optimized experimental conditionsa

Target and nontarget organisms Probe names and target sequencesb Expt Td (°C) % Formamide
in FISHc

Thermus spp. S-G-Thus-0438-a-A-18 52 60
39-CTTGGGCCCTGCTTTGGG-59

Thermus thermophilus DSM579 59-GAACCCGGGACGAAACCC-39
Thermus flavus DSM675 59-.................. -39
Thermus aquaticus ATCC27978 59-.................. -39
Thermus filiformis ATCC43280 59-......A........U.. -39
Rhodothermus marinus DSM4252 59-...A.....G.U..UA.. -39
Meiothermus ruber DSM1279 59-....U........U.AUG -39
Meiothermus silvanus DSM9946 59-....AG.......UGAUG -39
Meiothermus chliarophilus DSM9957 59-....U........UGGUG -39

Thermophilic Bacillus sp. S-*-Tbcil-0832-a-A-18 58 40 (1lysozyme)
39-CAATCTCCCCAGTGTGGG-59

Bacillus thermoleovorans DSM5366 59-GUUAGAGGGGUCACACCC-39
“Bacillus caldovelox” DSM411 59-.................. -39
“Bacillus caldotenax” DSM406 59-.................. -39
“Bacillus caldolyticus” DSM405 59-.................. -39
Bacillus stearothermophilus DSM22 59-.................. -39
Bacillus thermocatenulatus DSM730 59-.................. -39
Bacillus kaustophilus DSM7263 59-.................. -39
“Bacillus thermodenitrificans” DSM466 59-.................. -39
Bacillus thermoglucosidasius DSM 2542 59-...........U.UU... -39
Bacillus smithii DSM4216 59-.........C.UC..... -39
“Bacillus flavothermus” DSM2641 59-.........UAUC..... -39

Thermotogales S-*-Ttoga-0660-a-A-18 58 20
39-CCATCTCCCTCTGCCTTG-59

Thermotoga subterranea DSM9912 59-GGUAGAGGGAGACGGAAC-39
Thermotoga elfii DSM9442 59-.................. -39
Thermotoga maritima DSM3109 59-.................. -39
Thermotoga thermarum DSM5069 59-.................. -39
Thermosipho africanus DSM5309 59-.................. -39
Fervidobacterium islandicum DSM 5733 59-..C.....C......... -39
Fervidobacterium gondwanense ACM5017 59-A.C.....C......... -39
Fervidobacterium nodosum DSM5306 59-..C.....C...U..... -39
Geotoga petraea ATCC51226 59-ACC.....U........U -39
Geotoga subterranea ATCC51225 59-ACC.....U....A...U -39
Petrotoga miotherma ATCC51224 59-A.C.....U........U -39

Aquificales S-O-Hydr-0540-a-A-19 54 60
39-CCAGGGCTCGCAACGCGCT-59

Hydrogenobacter thermophilus DSM6534 59-GGUCCCGAGCGUUGCGCGA-39
Hydrogenobacter acidophilus strain 3H-1 59-................... -39
Calderobacterium hydrogenophilum DSM2913 59-................... -39
Aquifex pyrophilus DSM6858 59-................... -39
Thermus aquaticus ATCC 27978 59-..G.G........A.C..G -39
Thermotoga maritima DSM3109 59-..GGG.A......A.C..G -39

a The top SSU rRNA sequence for each group of organisms is the target sequence. Periods in the succeeding sequences for that group signify identical nucleotides,
and capital letters indicate nucleotide differences from the target sequence at the respective positions.

b Probe nomenclature are based on the oligonucleotide probe database (2). Sequence data are from the RDP database (33) and the GenBank database.
c FISH, fluorescence in situ hybridization.
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(iii) Whole-cell hybridization. Cells of the reference strains were washed once
in 33 phosphate-buffered saline (PBS; pH 7.2) (46), fixed in 3% paraformalde-
hyde in 33 PBS for 3 to 16 h, and stored in 50% (vol/vol) ethanol–13 PBS at
220°C until further use (4). Cells (1 ml) were applied to gelatin-coated slides
[0.1% gelatin, 0.01% KCr(SO4)2] with Teflon-preprinted 8-mm-diameter wells.
The slides were dried and hybridized at 45°C in a humid chamber as described
before (47). The hybridization buffer [0.9 M NaCl, 20 mM Tris-HCl (pH 7.2),
0.1% SDS, 0.2 mg of BSA per ml, 0.1 mg of poly(U) per ml] contained 5 ng of
fluorescently labeled probe per ml. The optimal formamide concentrations were
determined by varying the formamide concentration from 0 to 60% and com-
paring the fluorescent signals of the target organisms to those of nonspecific
hybridizations with negative controls. For the hybridizations of the cells from
Bacillus spp., a lysozyme pretreatment was needed. The cell smears were incu-
bated with 10 ml of a 2-mg/ml concentration of lysozyme in 100 mM Tris-HCl
(pH 7.2) for 5 min on ice. After hybridization for 3 to 5 h, the slides were washed
with washing buffer (0.9 M NaCl, 20 mM Tris-HCl [pH 7.2], 0.1% SDS) at 48°C
when hybridization buffers contained no formamide or 10% formamide. They
were washed in low-salt wash buffer (0.18 M NaCl, 20 mM Tris-HCl [pH 7.2],
0.1% SDS) at 48°C when hybridization buffers contained 20% formamide or
more.

Extraction, whole-cell hybridization, and quantification of chimney cells.
Three beehive structures, designated MS06CH, MS15CH, and MS17CH, were
collected in November and December 1995 from the Snake Pit vent field
(23°2291180N, 44°5699840W) on the Mid-Atlantic Ridge at a depth of 3,500 m
during the Microsmoke cruise (18). The chimneys were subsampled on board,
stored under reduced conditions at 4°C for cultivation, and fixed with 4% para-
formaldehyde in 33 PBS before storage in 50% ethanol in 33 PBS at 220°C for
whole-cell hybridization as described before (18). The procedure of cell extrac-
tion from chimneys was described in detail previously (18). For whole-cell hy-
bridization, 1 to 4 ml of the extracted cells was smeared on a gelatin-coated slide,
dried, rinsed in a series of alcohol, and hybridized with fluorescent probes as
described before (47). To quantify the amount of cells hybridizing with probe
S-O-Hydr-0540-a-A-19, an appropriate amount of cell extract (4 to 30 ml) was
hybridized on a 0.2-mm-pore-size filter with 20 ml of hybridization buffer con-
taining 5 ng of probe per ml under a cover slide. The cells were viewed and
counted with an Olympus (Hamburg, Germany) BX60 epifluorescence micro-
scope equipped with a 100-W halogen light source, a 100X U-PlanFI oil lens
(Olympus) with a numerical aperture of 1.3, and U-MWB (for fluorescein) and
U-MSWG (for rhodamine) filter cubes (Olympus). For the enumeration of
microorganisms, the size and shape of the fluorescent signals were the criteria
used to discriminate the cells from the sulfide particles. A minimum of 25 cells
per field, 10 fields per filter, three filters per cell extract, and two cell extractions
per sample were counted by use of the fluorescein-labeled S-O-Hydr-0540-a-
A-19 probe simultaneously with the bacterial probe S-D-Bact-0338-a-A-18 (3).

RESULTS

Probe design. The design of the oligonucleotide probes was
based on comparative analysis of all small-subunit (SSU)
rRNA sequences from the RDP and, in addition, of newly
deposited sequences from GenBank. Alignments of 16S rRNA
sequences were screened to find signatures that distinguish
four different groups of thermophilic microorganisms of the
domain Bacteria, i.e., (i) most species of the genus Thermus, (ii)
the thermophilic members of the genus Bacillus, (iii) two gen-

era of the order Thermotogales, and (iv) the order Aquificales.
Signature sequences that had three mismatches or more with
sequences of nongroup members were checked for secondary
structure and reasonable theoretical Tds. Table 2 shows the
selected probe sequences and their corresponding target
groups. The sequence of probe S-G-Thus-0438-a-A-18 per-
fectly matches the sequences of all Thermus spp. except those
of Thermus filiformis (one C-A and one G-U mismatch at
positions 444 and 453, respectively [Escherichia coli number-
ing]) and the species recently transferred to the genus Meio-
thermus (39). The sequence of probe S-*-Tbcil-0832-a-A-18
perfectly matches the sequences of the thermophilic Bacillus
spp. of the rRNA group 5 defined by Ash et al. (7) except that
of Bacillus thermoglucosidasius (2 G-U mismatches and one
T-U mismatch at positions 843, 845, and 846, respectively [E.
coli numbering]). The sequence of probe S-*-Ttoga-0660-a-
A-18 matches perfectly the sequences of species of the genus
Thermotoga and Thermosipho africanus and has two or three
mismatches with sequences of the species of the genus Fer-
vidobacterium. The sequence of probe S-O-Hydr-0540-a-A-19,
which was designed for all the species of the order Aquificales
rooting deeply on the bacterial phylogenetic tree, shows no
mismatches with the 16S rRNA sequences from this group
available to date in the RDP.

Specificity studies. The specificity of selected oligonucleo-
tide sequences revealed by comparison with existing rRNA
sequence databases was also ensured by optimization of exper-
imental hybridization conditions. The Td values were experi-
mentally determined from target and nontarget 16S rRNAs for
the four probes characterized in this study (Table 2). The Td
values were then used as the posthybridization washing tem-
perature to test the specificity of each of these probes by slot
blot hybridization of the nucleic acids from 48 target and non-
target species. Autoradiographs of the six identical slot blots
containing nucleic acids from the reference strains mentioned
in Table 1 are shown in Fig. 1. Slot blot membranes were
hybridized with probes S-G-Thus-0438-a-A-18 (Fig. 1a), S-*-
Tbcil-0832-a-A-18 (Fig. 1b), S-*-Ttoga-0660-a-A-18 (Fig. 1c),
and S-O-Hydr-0540-a-A-19 (Fig. 1d). Two of them were then
washed for reprobing with the bacterial probe S-D-Bact-0338-
a-A-18 (Fig. 1e) and the archaeal probe S-D-Arch-0915-a-A-20
(47) (Fig. 1f).

Figure 1a shows that probe S-G-Thus-0438-a-A-18 is specific
to the genus except for Thermus scotoductus (lane A, blot 4)
and hybridizes with deep-sea isolates (lane A, blots 7 and 8).
Hybridization with probe S-*-Tbcil-0832-a-A-18 (Fig. 1b) re-

FIG. 2 (top five panels). Whole-cell hybridizations of different mixtures of fixed cells with fluorescein-labeled (green fluorescence) and rhodamine-labeled (red
fluorescence) probes. Epifluorescence photomicrographs (double exposures) are shown at a magnification of 31,140 (scale bar, 10 mm). (a) Cells of Thermus
thermophilus and Rhodothermus marinus simultaneously hybridized with probes S-G-Thus-0438-a-A-18 (green fluorescence) and S-D-Bact-0338-a-A-18 (red fluores-
cence); the double labeling of Thermus thermophilus results in yellow fluorescence. (b) Cells of “Bacillus caldotenax” and Bacillus thermoglucosidasius simultaneously
hybridized with probes S-*-Tbcil-0832-a-A-18 (green fluorescence) and S-D-Bact-0338-a-A-18 (red fluorescence). The double labeling of “B. caldotenax” results in
yellow fluorescence. (c) Cells of Thermosipho africanus and Fervidobacterium islandicum simultaneously hybridized with probes S-*-Ttoga-0660-a-A-18 (green
fluorescence) and S-D-Bact-0338-a-A-18 (red fluorescence). The double labeling of Thermosipho africanus results in yellow fluorescence. (d) Cells of Hydrogenobacter
thermophilus and Thermotoga maritima simultaneously hybridized with probes S-O-Hydr-0540-a-A-19 (green fluorescence) and S-D-Bact-0338-a-A-18 (red fluores-
cence). (e) Cells of isolate BSA and Thermotoga maritima simultaneously hybridized with probes S-O-Hydr-0540-a-A-19 (green fluorescence) and S-D-Bact-0338-a-
A-18 (red fluorescence). The double labeling of isolate BSA results in yellow fluorescence.

FIG. 3 (middle five panels). Whole-cell hybridizations of cells extracted from chimney sample MS17CH3 with fluorescein-labeled (green fluorescence) and
rhodamine-labeled (red fluorescence) probes. Epifluorescence photomicrographs are shown at a magnification of 31,140 (scale bar, 10 mm). (a) Probe S-*-Ttoga-
0660-a-A-18 (green fluorescence) and probe S-D-Bact-0338-a-A-18 (red fluorescence). Two long thin rods (indicated by arrows) that hybridized with both probes
appeared yellowish on the double-exposed film. (b) Probe S-*-Ttoga-0660-a-A-18 (green fluorescence) hybridizing with two long thin rods indicated by arrows. (c) The
same field as that of panel b, showing cells that hybridized with probe S-D-Bact-0338-a-A-18 (red fluorescence). It is important to note that only one of the rods
indicated by an arrow in panel b hybridized with this probe. (d and e) Simultaneous hybridizations with probes S-*-Ttoga-0660-a-A-18 (green fluorescence) and
S-D-Bact-0338-a-A-18 (red fluorescence). Arrows indicate cells that hybridized only with probe S-*-Ttoga-0660-a-A-18.

FIG. 4 (bottom three panels). Whole-cell hybridizations of cells extracted from chimney sample MS15CHA3 with fluorescein-labeled probes S-O-Hydr-0540-a-A-19
and S-D-Arch-0915-a-A-20 (green fluorescence) and rhodamine-labeled probe S-D-Bact-0338-a-A-18 (red fluorescence). Epifluorescence photomicrographs (double
exposures) are shown at a magnification of 31,140 (scale bar, 10 mm). (a to c) Cells that appear yellowish, which hybridized with probes S-O-Hydr-0540-a-A-19 and
S-D-Bact-0338-a-A-18, are predominant. The cell with a morphotype similar to that of isolate BSA (Fig. 2e) is indicated by arrows in panels a and c of this figure.
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sulted in a positive signal for all thermophilic members of the
genus Bacillus, except B. thermoglucosidasius (lane B, blot 8)
and for all of the isolates previously assigned to this genus
(lane C, blots 1 to 7). The genus-specific probe S-*-Ttoga-
0660-a-A-18 is specific for all Thermotoga spp. and Thermosi-
pho africanus and discriminates the species of the genus Fer-
vidobacterium (Fig. 1c, lane D, blots 4 and 5); this probe
allowed us to identify two deep-sea isolates (Fig. 1c). Specific
hybridization with probe S-O-Hydr-0540-a-A-19 (Fig. 1d) was
obtained with all tested members of the order Aquificales (lane
F, blots 1 to 3) and an isolate from the Mid-Atlantic Ridge
(C8). Figure 1e shows that all of the nucleic acids isolated from
strains belonging to the domain Bacteria exhibited a positive
signal when hybridized with probe S-D-Bact-0338-a-A-18, ex-
cept Aquifex pyrophilus (F1), Calderobacterium hydrogenophi-
lum (F2), and Hydrogenobacter thermophilus (F3). As expected,
the probe S-D-Arch-0915-a-A-20 yields a hybridization signal
with all members of the domain Archaea. However, as shown in
Fig. 1f, there was also a weak but distinct positive response
with Aquifex pyrophilus, Calderobacterium hydrogenophilum
and Hydrogenobacter thermophilus.

Optimization of whole-cell hybridization conditions. The
specificity of the fluorescently labeled probes was tested by
whole-cell hybridization of paraformaldehyde-fixed cells of the
reference strains. The formamide concentration and perme-
ability treatments were optimized by using mixtures of cells for
which positive and negative signals had been detected on the
slot blots. The determined optimal formamide concentrations
used in the whole-cell hybridizations are listed in Table 2. All
strains that were positive on the slot blots and a selection of the
negative strains were tested for hybridization with the corre-
sponding probes. Representative epifluorescence micrographs
of whole-cell hybridizations with each fluorescein-labeled spe-
cific probe against a target organism and a negative control
hybridized at optimal formamide conditions are shown in Fig.
2. The hybridizations were performed simultaneously with a
rhodamine-labeled probe, S-D-Bact-0338-a-A-18. A remark-
able observation was that the Thermus spp. gave only weak
fluorescent signals when hybridized at low formamide concen-
trations with both the S-D-Bact-0338-a-A-18 and S-G-Thus-
0438-a-A-18 probes but strong and specific signals at high
formamide concentrations (60%), indicating that formamide
increased either the permeability of the cells or the availability
of the target sites (Fig. 2a). All positive strains on slot blots did
react to the fluorescent probes, and no significant cross-hybrid-
izations were found. As an example, Fervidobacterium islandi-
cum, which had only two mismatches with the S-*-Ttoga-0660-
a-A-18 probe, did not cross-react under the conditions used
(20% formamide). Cells of strains that were positive on slot
blots with probe S-O-Hydr-0540-a-A-19 (namely, Aquifex py-
rophilus, Calderobacterium hydrogenophilum, Hydrogenobacter
thermophilus, and isolate BSA) and cells of Thermotoga mari-
tima (used as a control) were hybridized simultaneously with
this probe and probe S-D-Bact-0338-a-A-18. Strong positive
signals were observed with the four first strains when they were
hybridized with the fluorescein-labeled probe S-O-Hydr-0540-
a-A-19, whereas only cells of isolate BSA and Thermotoga
maritima hybridized strongly with the rhodamine-labeled
probe S-D-Bact-0338-a-A-18 (Fig. 2d and e). These observa-
tions confirmed results obtained from slot blot hybridization
studies.

Detection and quantification of thermophilic bacteria in
chimney samples. The designed and validated probes were
used to detect and identify thermophilic bacteria among cells
extracted from the deep-sea vent chimney samples. No unam-
biguous signals were detected when cells extracted from all of

the tested samples were hybridized with probes S-G-Thus-
0438-a-A-18 and S-*-Tbcil-0832-a-A-18. The S-*-Ttoga-0660-
a-A-18 probe detected thin rods in the subsample MS17CH3
only (Fig. 3), a chimney fragment from the exterior wall of
chimney MS17CH. This probe hybridized simultaneously with
probe S-D-Bact-0338-a-A-18 on some of the rod-shaped cells
(Fig. 3a to c). However, similar morphotypes hybridizing with
only the group-specific probe were also observed (Fig. 3b to e).

Probe S-O-Hydr-0540-a-A-19 hybridized with small and long
rods extracted from all exterior parts of the chimney samples
(Fig. 4). Cells hybridizing simultaneously with probes S-O-
Hydr-0540-a-A-19 (fluorescein labeled) and S-D-Bact-0338-a-
A-18 (rhodamine labeled) were enumerated in separate ex-
tractions from subsample MS15CHA3, the external wall of
chimney MS15CH. Of the cells recovered from the first extrac-
tion, 41% yielded a positive signal with both probes (1.5 3 106

6 0.4 3 106 cells/g [dry weight] of chimney for a total count of
Bacteria [cells hybridizing with only probe S-D-Bact-0338-a-A-
18] of 3.9 3 106 6 0.6 3 106 cells/g [dry weight]). Of the
bacterial cells from the second extraction, 34% hybridized with
both probes (3.2 3 105 6 0.9 3 105 cells/g [dry weight] of
chimney for a total count of Bacteria of 9.8 3 105 6 1.7 3 105

cells/g [dry weight]).

DISCUSSION

In the course of this study, four oligonucleotide probes tar-
geting 16S rRNAs of defined groups of thermophilic bacteria
known to thrive in marine hydrothermal vents were developed.
A target site for probes to detect the complete genera of
thermophilic Bacillus and Thermus and the order Thermoto-
gales was not found within the 16S rRNA sequences existing in
databases without the use of more than one degenerated (e.g.,
wobbled) nucleotide position. Therefore, target sites that
matched 16S rRNA sequences of the most numerous members
of each target group were chosen. As a consequence, species
that were moderately thermophilic or isolated from terrestrial
sites were excluded. Thermophilic or mesophilic members of
these genera, which might be present in marine hydrothermal
vents, could therefore escape detection by these probes.

The probes designed to detect thermophilic Bacillus spp.
and Thermus spp. in cell extracts from deep-sea hydrothermal
chimneys failed to do so. Nevertheless, strains of both of these
genera have already been isolated from chimney structures
collected from the same and other study sites (34a, 35, 36). The
failure to detect cells of these bacterial groups could be attrib-
uted to their absence or scarcity in the samples we analyzed or,
in the case of cells of the Bacillus spp., to their occurrence as
spores in the habitat.

A few cells hybridizing simultaneously with probes S-*-
Ttoga-0660-a-A-18 and S-D-Bact-0338-a-A-18 were detected
only in subsample MS17CH3 (Fig. 3a to c). Cells with mor-
phologies characteristic of the members of the order Thermo-
togales (i.e., rod-shaped cells surrounded by a sheath-like en-
velope) were previously enriched in thiosulfate-supplemented
medium inoculated with this subsample (18). Some other cells
with this typical shape were also observed in MS17CH3; they
hybridized with probe S-*-Ttoga-0660-a-A-18 but did not yield
any signal with probe S-D-Bact-0338-a-A-18 (Fig. 3b to e).
This could indicate that these cells might be members of an
unknown phylum related to the Thermotogales.

Probe S-O-Hydr-0540-a-A-19 was specific for the complete
Hydrogenobacter-Aquifex group. However, control hybridiza-
tions showed that all members of this group failed to hybridize
with bacterial probe S-D-Bact-0338-a-A-18. A check of the
corresponding sequences showed that the 16S rRNA se-
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quences of these organisms had one A-C and one T-G internal
mismatch at positions 340 and 349, respectively (E. coli num-
bering) with the sequence of bacterial probe S-D-Bact-0338-a-
A-18. As previously reported (11), nucleic acids of these or-
ganisms were found to hybridize weakly with probe S-D-Arch-
0915-a-A-20. The sequence of this probe has three mismatches
with the target sequence of the Aquificales, but the mismatches
are located near the end of the duplex. As suggested by Stahl
and Amann (47), a mismatch at this position is generally less
destabilizing than an internal mismatch. Our results support
this relationship in the fact that only one additional internal
mismatch (C-A) at position 923 (E. coli numbering) is suffi-
cient to avoid a very weak signal when probe S-D-Arch-0915-
a-A-20 is hybridized against Thermotoga maritima, Fervidobac-
terium nodosum, and Thermus thermophilus. The enriched
isolate BSA from Mid-Atlantic Ridge chimney samples hybrid-
izes strongly with both probe S-O-Hydr-0540-a-A-19 and probe
S-D-Bact-0338-a-A-18. The analysis of its complete 16S rRNA
sequence confirmed that the sequences of both probes have no
mismatches with the sequence of this strain and revealed that
this strictly anaerobic autotrophic sulfur-reducing organism
represents a new genus and a new species rooting on the
phylogenetic tree between the orders Aquificales and Thermo-
togales (32a).

Probe S-O-Hydr-0540-a-A-19 was further used in combina-
tion with probe S-D-Bact-0338-a-A-18 for whole-cell hybrid-
ization experiments with cells extracted from deep-sea vent
chimneys. Our specificity studies indicated clearly that mem-
bers of the order Aquificales did not hybridize simultaneously
with both of these probes. Consequently, cells enumerated by
this approach differ from the known members of the order
Aquificales. The combination of probes S-O-Hydr-0540-a-A-19
and S-D-Bact-0338-a-A-18 allowed the quantification of mor-
phologically diverse cells, ranging from small to long thick rods
or chains of rods and representing a large proportion of the
population, of up to 40% of the number determined by use of
the general bacterial probe. Since one of the morphotypes
observed has now been isolated and identified phylogenetically
and metabolically (isolate BSA), we can conclude that there
are unknown rod-shaped bacteria in the marine hydrothermal
systems which have sequences identical to the target sequences
of probes S-O-Hydr-0540-a-A-19 and S-D-Bact-0338-a-A-18.
Given that the probes used to label cells in the natural samples
were designed from sequences of cultured isolates, it is not
surprising that previously unidentified or noncultured micro-
organisms were labeled with the probes. However, since the
amount of phylogenetic information obtained is limited be-
cause of the probe sizes, the phylogenetic diversity and the
physiological role of these new organisms remain unclear.

This study demonstrates, therefore, that the combination of
rRNA-directed oligonucleotide probes specific for different
phylogenetic levels and traditional cultivation-based methods
(the whole-cell hybridization method presented here and the
enrichments described in reference 18) allows the identifica-
tion and quantification of specifically stained thermophilic bac-
teria from deep-sea hydrothermal chimneys. Further probe
development and the use of other enrichment procedures are
necessary to provide new insights into the microbial commu-
nity structure of this thermophilic habitat.
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